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INTRODUCT ION

The selection of structural materials to most effectively satisfy new
envirormental requirements and increased design load requirements for advz.nced
Air Force weapons systems is of vital importance. A major difficulty that design
engineers encounter, particularly for newly developcd materials, materials pro-
cessing, and product forms, is a lack of sufficient engineering data informatio1 .
to effectively evaluate the relative potential cf these developments for a par..."--
ular application.

In recognition of this need, the Air Force has sponsored several progrsmz I
at Battelle's Columbus Latboratories to provide comparative engineering data for
newly developed materials. The materials included in these evaluation programs
were carefully selected t,- insure that they were either available or could become
quickly available on request and that they would represent potentially attraccive
alloy projections for weapcas system usage. The results of these programs haveI
been published in four tech'iical reports, AFML-TR-67-418, AFML-TR-68-211, AFM.-

TR-70-252, and AFlL-TR-71-cr49.

This technical report is a result of the continuing effort to reliuve the
above situation and to stimulate interest in the ;;se of newly developed alloys, or I -

new processing techniqu.s for older alloys, for advanced structures.

The materials evaluated under this program are as follows:

(1) 15-5 PH (H11025) stainless qteel forged bar

(2) HiP 9N-4Co-0.20C steel forged bar ,,i -

(3) PH 13-8 Mo (HlOOO) stainless steel forged bar 8
(4) 7049-T76 aluminum extrusion

(5) 6Ai-2Sn-4Zr-6Mo titanium sheet

(6) Inconel Alloy 702 sheet (Aged)

(7) Inconel Alloy 706 forged bar (Creep-rupture heat treatment).

The temper or heat-treat conditions selected for evaluation are described I
in each alloy section.

The program approach was, os on previous contracts, to search the published
literature and to contact metal producers and aerospace companies for any pertinent

data. If very little pertinent information was available, a complete material

evaluation was conducted. Upon completion of each material evaluation, a "data
sheet" was issued to make the data immediately available to potentiel users rather

than defer publication to the eia of the contract term and the su-,ary technical

report. These data sheets are rcprnduced in Appendix II.

N
t..Nw ~ ~ - - .. t.I
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Detailed information concerning the properties of interest, test
techniques, and specimen types are conta3,ned in Arpendic'!s I and Ii of this
report.
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MATERIALS INFCPkMATION AND TEST RESULTS

15-5 PH Stainless Steel

Material Description

15-5 PH is a precipitatior-hardening stainle3s steel that offers a
combination of high strength and hardness, excellent corrosion resistat.ce, plus
good transverse toughness and good forgeability. It is produced by conuumable
vacuum arc remelting and is virtually "ferrite free".

Fabrication practices for 15-5 PH are generally the same as those
established for 17-4 PH. Most techniques are similar to those recommended for
the regular grades of stainless steel. Hardening heat treatments require

temperatures of only 900 F to 1150 F, depending on the properties desired.
Because of the comparatively low hardening temperatures, scaling and distortion
"difficulties are essentially eliminated.

15-5 PH is available in the form of iheet, strip, plate, bar, and wire.

Typical applications include forgings, Tump and valv parts for high pressure
systems, aircraft components, and hollow bar parts for hydraulic actuators andSi controls.

The chemical composttion of the forginag used for this evaluation is
as follows:

Chemical CGroposition Percent

Carbon .037
Manganere ,31 '
Phosphorus 1018
Sulfur .010
Silicon .30

• Chro•mium_ 1.14

Nickel 4.58
Copper 3.32
Columbium .24
Tantalum .01
Iron Balance

The material tested wva obtained from Armco Heat 4W0370 in the form of

2-1/8 inch x 5-3/4 inch x 8 foot forged bar.

ProcessIng and Heat Treating

The specimen layout for 15-5 PH is shown in Figure 1. Specimens were
machined in the Ls-received Condition A followed by heat treatment for 4 hours at
1025 F ta Condition 111025.

3
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Test Results

Tension. Results of tests in both the longitudinal and transverse
directions at room temperature, 400 F, 700 F, and 900 F are given in Table I.
Typical LUnsi!c stress-strain curves at temperature are shown in Figures 2 and
3. Effect-of-temperature curves are shown in rigure 6.

Compression. Results :f tests in thc longitudinal and transverse
directions are given in Table II for room temperature, 400 F, 700 F, and 900 F.
Typical stress-strain and tanget•L-tiodulus curves at temperature are shown in
Figures 4 and 5. Effect-of-temperature curves are shown in Figure 7.

Shear. Results of pin shear tests in the longitudinal and transverse
dtrectious at room temperature are given in Table III.

Impact. Results of room temperature Charpy tests in the longitudinal
and transverse direction are given in Table IV.

Fracture Toughness. S'x slow-bend type tests were conducted at room
temperature. Results are presented in Table V. Since the uize ratio, 2.5( /TYS)t,
was greater thai. both the specimen thickness and width in all tests, the K ýalue
is not a valid K;c value by exisring ASTM criteria.

Fatigue. Axial-load tests were conducted at room temperature, 400 F,
and 700 F for both unnotched and notched transverse specimens. Test results are
given In Tables VI ana VII end presented as S-N curves in Figures 8 and 9.

Creep and Strmss Rupture. Tests were performed at 700 F, 900 F, and
1100 F. Results are presented in tabular form in Table VIII and as log-stress
versus log-time curves in Figure 10.

Stress Corrosion. Specimens were tested as described in the experimental
procedure section of this report. No failures or cracks occurred in the 1000-hour
test duration.

Thermal Expanmion. The coefficient of thermal expansion for this alloy
is 6.7 x ].7e in/in/F for 70 F to 900 F.

Density. The density value is 0.283 lb/in3 .



TABLE 1. TENSILE TEST RESULTS FOR
15-5 PH (H1025) FORGED BAR

0.2 Percent Elongation Reduction Tensile
Specimen Ultimate Tensile Offset Yield in 2 Inches, in Area, Modulus,

Number Strength, ksi Strength, ksi percent percenL psi x 108

Longitudinal at Room Temperature
iL-I 164.0 163.0 15.0 62.4 30.5
1L-2 165.0 164.0 15.5 63.6 30.8
1L-3 164.0 163.0 15,5 62.2 30.6

Transverse at Roam Temperature
IT-I 164.0 162.0 12.5 50.0 28.7
;IT-2 65.0 162.0 13.0 52.7 28.6
1T-3 163.0 161.0 13.5 50,9 29.2

Longitudinal at 400 F
1L-4 147.0 141.0 12.5 50.0 27.3
1L-5 147.0 140.0 12.5 49.8 27.8
1L-6 147.0 140.0 11.5 43.8 28.1

Transverse at 400 F
1T-4 147.0 -- 141.0 10.5 43.3 27.9
1T-5 146.0 i39.0 1U.5 42.0 27,2
IT-6 147.0 141.0 11.5 43,7 29.5

Long:.tudinal at 700 F
IL-7 137.0 128.00.0 43.5 26.5
IL-8 136.0 127.0 10.0 46.4 27.0
IL-9 139.0 130.0 11.0 46.2 27.4

Transvers at 700 F
1T-7 136.0 126.0 9.0 38.6 24.0
IT-8 136.0 128.0 9.0 37.8 25.2
IT-9 136.0 127.0 9.5 39.2 26.2

Longitudinal at 900 F
IL-10 120,0 112.0 15.0 60.8 21.9
1L-11 120.0 111.0 15.0 58.3 21.3
]L-12 119.0 110.0 14.0 58.2 23.4

Transverse at 900 F
IT-IO 118.0 108.0 14.0 51.0 23.7
IT-I1 118.0 110.0 13.5 50.2 23,0
IT-12 120.0 112.0 13.0 53.2 22.9
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TABLE 11. COMPRESSION TEST RESULTS FOR

15-5 PH (H1025) FORGED BAR

0.2 Percent Compressive

Specimen Offset Yield Moduius,
Number Strength, ksi psi x 106

Londitudinal at Rooin Temperature

2L-1 168.0 *29.8
2L-2 165.0 31.0
2L-3 173.0 29.9

Transverse at Room Temperature
2T-1 165.0 29.8
2T-2 166.0 30.1
2T-3 165.0 30.9

Longitudinal at 400 F
2L-4 14 5.U 29.1
2L-5 145.0 28.3

2L -6 144.0 -,o 9

Transverse at 400 F
2T-4 f.45.0 28.2
2T-5 143.0 29.3
2T-6 144.0 29.2

Longitudin! at 700 F
2L-7 133,0 27.9

2L-8 129.0 27.7
2L-9 128.0 27.4

Transverse at 700 F
t 2T-7 130.0 27.8

2T-8 130.0 28.6I 2T-9 130.0 27.8

Longitudinal at 900 F
2L-10 113.0 24.6
2L-11 111.0 24 .4

2L-12 111.0 24.2

Transverse at 900 F

2T-10 111.0- 25.3

2T-II 111.0 23.9
2T-12 111.0 24.2

7



TABLE . SI•AR TEST RESULTS FOR
15-5 PH (111025) FORGED BAR

Specimen Ultimate Shear
Number Strength, ksi

4- Longitudinal
4L-2 106. 0
4L-2 106.0
4L-3 105o 0

S4L-4 105.0

Transverse
4T -1 105.0
4T-2 104.0
4T-3 104.0
4T -4 106.0

8J
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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TABLE IV. IMPACT TEST RESULTS FOR 15-5 PH
(H1025) FORGED BAR

Spectwen Energy,
Number ft/lbs

Longitudinal

10L-i 81.0
lOL-2 81.0
IOL-3 bo.0
1OL-4 78.0
IOL-5 82.5

7O 10L-6 81.5

Transverse

1OT-1 37.0
1OT-2 38.5
1IOT-3 38.5
10T-4 43.0
IOT-5 44.0
1OT-6 43.0

9



TABLE V. FRACTURE TOUGHNESS TEST RESULTS FOR 15-5 PH (H1025) FORGED BAR
(LONGITUDINAL)

Specimen W, a, T, p, Span, fa KO(a)

Number inches inch inch pound inche3 ) (

IL J-501 .873 .749 11,800 6 3.5 181.49

4L.500 .886 749 12,600 6 3.6 200.6

2L 1.500 .883 .748 12,050 6 3.6 190.6

6L 1.501 .891 .749 12,450 6 3., 200.2

3L 1.500 .852 .748 11,900 6 3.3 174.5

5L 1.500 .882 .749 12,600 6 3.6 198.6

f-- ('..-,4A..9•n- ng s-,,ohnaq vahlestip. K. are invalid as K- values since a. T.

lOc

<2.5

10
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TABLE VI. AXIAL LOAD FATIGUE TEST RESULTS FOR
U1NNOTCHED 15-5 PH (HI025) FORGED BAR

(TRA&NSVERSE)

Specimen Maximum Lite irme,
Number Stress, ksi cycles

Rooma Te~mperature5-5 170 ld,720

5-3 165 42,200
5-2 160 120,700
5-4 155 111,200
5-1 151) 4,156,200
5-6 14 273,300
5-7 140 7,934,500
5-8 135 4,167,900 (a)
5-9 130 1,':0

5-20 160- 14,900
5-19 150 31,600
5-18 140 47,000
5-23 130 49,800
5-22 130 113,500
5-24 120 944,900
5-25 120 10,208:100(a)

700 1
5-10 140 (b)
5-14 135 37,7C0
5-13 1O0f an,'

5-L6 125 66,600
5-11 120 59,400
5-17 1i5 '0 ,400
5-1" 110 1 0, 1 2 3 , 0 0 0fa)

(a) Did not fail.

(b) Failed in first cycle.
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TABLE VII. AXIAL LOAD FATIGUE TEST RESULTS FOR
NOTCHRED (Kt-3.0) 15-5 PH (H1025) FORGED BAR

(TRASVERSE)

Specimen Max imum Lifetime,
Number Stress, kst cycles

Room Temperature
5 -37 130 9,260
5-32 120 14,650
5-33 110 16,CIO
5-34 90 45,120
5-35 80 80,250
5-36 70 128,9W0
5-37 60 191,100
5-38 50 10,965,000

400 F

5 -49 90 39,100
5-40 80 16, 200
5-41 70 700.,000
5.-52 65 1470,20
5-42 60 7121,2C0
5-53 60 16,121,300

70n F
5-59 100 13,000
5-57 90 16,500
5-56 80 47,700
5--55 70 44•, 400
5-60 70 815,200
5-53 65 2V547,900

5-54 60 5,548, '/W
5-61 55 11,060,300

(a) Did not fail.

4
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15-5 PH (H1025) FORGED BAR (LONGITUDINAL,)

14



./M

200

Transverse

175-t RT

150 400

700 -

125-• 900

75-r

It-

25

oI ,!, ,
o/i

0 C002 0004 0.006 Q008 0.010 0.012

Strain, In./in. A-1150

FIGURE 3, TYPICAL TENSILE STRESS-STRAIN CURVES FOR
15-5 PH (H1025) FORGED BAR. (TRANSVERSE)

I I I I I I I I I I I5



2I00

175- TR

15.0O .04 0.0 F~O 40.0) F 0

FIGU7 4. = = 7--7C6)( FLNrDNL
12GE5-MDUU



200 Transverse

175-R T

150-N0 0

;25 IJ

0 ~ ~ ~ ~ 0 F O I 2 5 3

TJAn ouu, 0 s -3

FIGUR 5.T-IA OPESW~SRSSSRI N)TN1N-OU

CUVSFR125H(12) OGDBR(RNVRE

01

0 0.02 .004 aOO 0.08 0010 .01Strain,------



.160/utme

140

10 T *us CL)

r 4' t~~~~~ TUS (T) _ _ _ _ _ _ _ _ _ _

0 TYS (L)

25 3

- 0. _ 30 *

oElongation 
C

S 200 400 60 8001000

j. tempeature0

Moeu (T)___ Ic .,"

5r-O E140 28 2

1000 ~ E(T) ____2

0 200 400 600 800 1000
Temperciture, F -a

FIGURE 7. EFFECT OF TEMPERATURE ON THE T~PENSIE
PROPERTIES OF 15-5 PH (H11025) FORGED BAR

IS18



- , 1 - - Urnotched

Transverse
170, --- ..... ....- ! R=O.,

? ,I160.-

"• 150 --- ---- - -

140--0 -- R"E

1b0 .... .j . _-

o1 - RT £00
110 A 400 F

0 700 F
S103 105o'•6 o

Lifetime, 4yies /I
FIGURE 8. AXIAL LOAD FATIGUE BEHAVIOR FOR UNNOTCHED 15-5 PH (H1025) FORGED BAR

160 II' 'IiiIII Notched7
_4_ Transverse

I2----4o H-~ r~RzO.lI

1 00! (QOF- 4
140 4

Lifeime cycles A-uSE

FIGURE 9. AXIAL LOAD FATIGUE BEHAVIOR FOR5 FRG. BRNOTCHED (Kt-m 3.0) 15-5 PH

19

•t 'n.
Kt=a=



0

'-4

*-6 -

- E

1O< -

16L sai -

20



HP 9N-4Co-0.200 Alloy Steel

Matecial Description

HP 9Ni-4Co-0.20C steel was developed specifically to have high harden-

ability combined with good fracture toughness. It can be welded in the fully

4 heat-treated condition and achieve essentially 100 percent joint efficiency

without prehest or postheat treatment. The 0-20C grade is available as sheet,

strip, plate, bars, forginge, arid tubing.

The material used for this program was consumable electrode vacuum

melted and from Republic Steel Heat 3821003. It was obtained as a 2-1/4 inch

x 6-inch x 84 inch forged bar and had the following composition:

Chemical
Com,.)asltion Percent

Carbon 0.19

Manganese 0.36

FPhosphorus 0.008
Sulfur .0- -
Silicon 0.04
Nickel 9.30
Chromium 0.80
Molybdentun 1.04
Vanadium 0.08
Cobalt 4.70

Iron Balance

Processing and Heat Treating

The specimen layout for this alloy is shown in Figure 11. Specimens

-# .. L .L achined4 .. , n - .-.. edA na•ne A nnnA4r-4nn heat f•rentAd an
fol lows :

(I) normalize at 1650 F, 1 hour, air-cool,

(2) austenitize at 1500 FS, 1 hour, oil quench,

(3) single temper at 1025 F, 6 hours, air cool and
[ then finish machined.

Test Results

Tension. Results of tension tests ir. the longitudinal and transverse
directions at-room temperature, 500 F, "700 F, and 900 F are given in Table IX.

21
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Stress-strain curves at temperature are presented in Figures 12 and 13. Effect-

of-temperature curves are shown in Figure 16.

Compression. Results of compression tests in the longitudinal and
transverse directions at room temperature, 500 F, 700 F, and 900 F are given in
Table X. Compressive stress-strain and tangent modulus curves at temperature
are presented in Figures 14 and 15. Eff'ct-of-temperature curves are shown in
Figuire 17.

Shear. Teat results for pin shear tests in both the longitudinal and
transverse directions at room temperature are given in Table XI.

Impact. Charpy test results at room temperature for longitudinal and
transverse specimens are gtven in Table XII.

Fracture Toughness. Results of six slow-bend type tests are given in
Table XEII. The size ratio, 2.5 (Fo/TYS) 2 , was greater than both the specimen
thickness and crack length in all t ats, therefore the • value in the table is

not a valid KI 1 value by existing ASTM criteria.

Fatigue. Axial-load fatigue tests were conducted at room temperature,
500 F, and 700 F for transverse specimens, both unnotched and notched. Results
ate given in tabular form in Tables XIV and XV. S-N curves are presented in
Figures 18 and 19.

Cree and Stress Rupture. Tests were performed at 500 F, 700 F, aad
900 F for transverse specimens. Tabular test results are given in Table XVI.
Log-stress versus log-time curves are presented in Figure 20.

Stress Corrosion. Specimens were tested as described in the experi-
mental procedure section of this report. No failures or cracks occurred in the
1000 hour test duration.

Thermal Expansion. The coefficient of thermal expansion for this
steel is 6.4 x in/in/F for 80 F to 900 F.

Density. The density of this alloy is 0.284 lb/ind.

t
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SI
TABLE IX. TENSILE TEST RESULTS FOR HP 9Ni-4Co-0.20C FORGED BAR

-i

Ultimate 0.2 Peircent
Tensile Offset Yield Elongation Reduction Tensile

93!p.?cimen Strength, Strength, in 2 inches, in Area, Modulus,
No. ksi ksi percent percent 10 psi

SLongitudinal at Room Temperature

1.-i 198.0 181.0 17.5 67.1 28.0
1L-2 196.0 181.0 17.5 68.2 26.6
IL-3 197.0 180.0 17.j 68.4 26.4

Transverse at Room Temperature

IT-I 197.0 180.0 14.5 55.0 27.9

IT.2 197.0 180.0 14.5 56.3 27.7

IT-3 197.0 180.0 15.0 57.1 -26.4

Longitudinal at 500 F

IL-4 178.0 165.0 16.0 66.7 25.4

IL-5 182.0 1.65.0 16.0 65.4 26.0
iL-6 179,0 165.0 15.5 64.4 26.7

Transverse at 500 F

IT-1, 179.0 166.0 14.0 56.0 25.7

IT-5 179.0 166.0 14.0 55.1 25.8
iL-b 179.0 166.0 14.0 55.8 26.2

Longitudinal at 700 F

IL-7 172.0 155.0 16.0 64.4 24.0

1L-.8 170.0 155.0 16.5 69.4 24.3
IL-9 169.0 156,0 16.0 66.4 24.6

Transverse at 700 F

IT-7 169.0 151.0 14.5 58.4 24.9
1T-8 169.0 154.0 14.5 57.4 24.8
1T-9 IT.0 153.0 14.5 57.7 2':.4

24



TOBLE IX. .(Concluded)

Ultimate .0.2 Percent
Tensile Offset Yield Elongation. Fadu,2tion Tensile

Specimen Strength, Strength, in 2 ilaches, in Arua, Modulus,
No. ksi ksi percent percent l0o psi

Longitudinal at 900 F

IL-10 148.0 130.0 18.0 69.6 22.2

IL-11 148.0 130.0 18.0 69.9 22.2

iL.-12 147.0 129.0 18.0 59.9 21.7

Transverse at 900 F

IT-1o 147.0 128.0 16.0 61.2 25.3

1T-11 i - "7. 0 i28.0 Uo U j 7 ._; &.a 4

IT-12 147.0 131.0 16.0 60.6 22.7

25
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TABLE X. COMPRESSION TEST RESULTS FOR
1P 9Ni-4Co-O.23C FORGED BAR

0.2 Percent
Offset Yield Compression

Specimen Strength, Modulus,
No. ksi lo0 psi

Longitudinal at Room Temperature

2L-l 196.0 2-.6
2L-2 198.0 27.7
2L-3 196.0 28.0

Transverse at Room Temperature

2T-1 194.0 27.1
2T-2 195.0 28.6

Longitudinal at 500 F

2L-4 169.0 25.7
2L-5 173.0 26.5
21-6 173.0 26.9

Transverse at 500 F

2T-4 171.0 27.0
21-5 171.0 25.9
2T-6 172.0 25.7

longitudinal at 700 F

2L-7 162.0 24.8
2L-8 158.0 25.5
2L-9 157.0 25.0

Transverse at 700 F

2T-7 159.0 25.1
2T-8 156.0 24.9
2T-9 159.0 25.9

26



TABLE X . (Concluded)

0.2 Percent
Offset Yield Compression

Spezimen Strength, Modulus,
%o. ksi 106 psi I

Longitudinal at 900 F

2L-1O 137.0 23.3
2L-11 135.0 24.8
2L-12 134.0 25.0

Transverse at 900 F

2T-0l 136.0 23.2
2T-i1 135e.0 I)/-, .,
2Tr-I2 136.0 24.4

27
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TABLE XI. SHEAR TEST RESULTS FOR HP 9Ni-4Co-0.20C
FORGED BAR

Specimen Ultimate Shear
No. Strength, ket

Longitudinal

""4.- 123.0
4L-2 124.0
4L-3 124.0

Transverse

4T-1 120.0
4T-2 124.0
4T-3 123.0

28
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TABLE XII. IMPACT TEST RESULTS FOR
HP 9Ni-4Co-0.20 C FORGED BAR

Specimen Energy,
Number ft/lbs

Lon.i t.ud inal

IOL-1 73.0
IOL-2 37.0
1OL-3 62.0
lOL-4 63.0
IOL-5 77.0

1 Transverse

IOT-l 50.0
lOT-2 54.0
lOT-3 52.0
IOT-4 56.0
10T-5 54.0

29

U -•._l. _



1

TABLE XIII. FRACTURE TOUGHNESS TEST RESULTS
FOR HP 9N_-4Co-0.20C FORGED BAR

Spec imen W, a, T, P, Span, f(-) K (a)Number inches inches inches lbs inches w

ransverse

3T 1.254 .648 o631 6,650 5 2.8 107.3

2T 1.255 ,640 .632 7,450 5 2.7 115.3

1T 1.255 .692 .631 8,200 5 3.1 146.3
,-, Lnl itud inal

2L 1.514 .861 1755 12,650 6 3.4 186.1

3L 1.50' .8V0 .755 12,9800 6 3.5 193.4

IL 1.504 .735 .757 9,450 6 2.5 104.3

(a) Canldidate ýracture touZhreLi values, K are inv;alid as KI, values since a, T,

<2.'.
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TABLE XIV. AXIAL LOAD FATIGUE TEST RESULTS
FOR UNNOTCHED HP 9NI-4Co-0.20C
FORGED BAR (TBANSV•PRSE)

Specimen Maximum Lifetime,
Number Stress, ksi cycles

Room Temperature

5-1 120 26,900

5-2 i10 23,900
5-3 100 34,000
5-4 90 58,200
5-5 80 69,900
5-6 70 124,100
5-7 60 5,024 900
5-8 50 11,920,400(a)

500 F_I 5-7 10 A12,•000--I

5-19 135 23,600
5-18 130 21,100
5-20 125 17,400
5-16 120 1 0 , 1 1 5 , 0 0 0 (a)

5-14 100 109 000
5-15 100 12,916:000(a)

700 F
5-26 180 30,000

5-25 160 746,400
5-24 150 360,900,,
5-22 140 25,600ku;
5-23 140 2,052,400

5-21 130 2,702,000
5-27 120 50 800
5-28 120 10,277,000

(a) Did not fail,

(b) Failed at thermocouple.
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TABLE XV. AXIAL LOAD FATIGUE TEST RESULTS FOR
NOTCHED (Kt=3.0) HP 9Ni-4Co-0.20C
FORGED BAR (TRANSVERSE)

Specimen Maximum Lifetime,
Number Stress, ksi Cycles

Room Temperature
5-31 90 ,' 11,900
5-37 85 17,900
5-32 80 21,400
5-35 75 13,300
5-33 70 21,600
5-36 65 50,900
5-34 60 12,381,800(a)

500 F
5-41 9r 7,800
5-42 AS 116Ann
5-43 80 27,300
5-44 75 13,200
5-45 70 25,200
5-46 65 34,400
5-47 60 31,300
5-48 50 99,000
5-59 40 60,600
5-60 40 109,900
5-61 30 1 0 , 8 5 0 , 9 0 0 (a)

700 F
5-5 90 UU10,900
5-52 80 14,400
5-53 75 32,400
5-54 70 1,699,300
5-55 65 28,100
5-56 65 85,200
5-57 60 51,900
5-58 50 1 2 , 9 8 6 ,0 0 0 (a)

(a) Did not fail.
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PH 13-8 Mo Stainless Steel

Material Description

V This alloy is a martensitic precipitation hardenable stainless steel
developed by the Armco Steel Corporation. It can be heat treated to high
strength levels and exhibits good ductility in the transverse direction. This
transverse direction toughness is obtained by composition balance designed to
prevent formation of delta ferrite in the structure, low carbon content to mini.-
nmize grain boundary carbide precipitation, and double vacuum melting to reduce
alloy segregation. The rlloy reportedly has excellent resistance to stress
corrosion cracking in synthetic seawater and excellent resistance to corrosion
in a 5 percent salt spray environment.

The material used in this evaluation was obtained as a 4-inch x 5-inch

x 5 foot forged bar from Armco Heat IW0241. The composition was as follows:

Chemical
Composition Percent

Carbon 0.035
Manganese 0.01
Phoephorus 0.002

I; Sulfur 0.003
Silicon 0.02
Chromium 12.62
Nickel 8.24

V. Molybdenum 2.16
Aluminum 1.02
Iron Balance

Processing and Heat Treatingj

P,0
The specimen layout for PH 13-8 Mo is shown in Figure 21. Specimens

were machined in the as-received condition A and then heat treated at 1000 F for
.4 hours to Condition II 1000.

Test Results

Tension, Results • tests in the longitudinal and transverse directions
at room temperature, 500 F, 700 F, and 900 F are given in Table XVII. Tensile stress-
strain curves at temperatu:e are shown in Figures 22 and 23. Effect-of-temperature
curves arz presented in Figure 26.

SCompression. Test results are given in Table XVIII for longitudinsl and
4 transverse specimeni at room temperature, 500 ., 700 F, and 900 F. Compressive

stress-strain and tangent modulus curves at temperature are presented in Figures
24 and 25. Effect-of-temperature curve. are shown in Figure 27.
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r
Shear. Results of pin shear tests at room temperature for longitudinal

and transverse specimens are shown in Table XIX.

Impact. Charpy test resuilts are shown in Table XX.

Fracture Toughness. Results of slow-bend type tests are shown in
Table XXI. The size ratio, 2.5 (K /TYS) 2 , was greater than both the speciwen
thickness and crack length in all eats, therefore, the JQ value shown in the.
table is not a valid KIc value by existing ASTM criteria.

Fatigue. Axial load fatigue tests were conducted at room temperature,
400 F, and 700 F for transverse specimens, bocii unnotched and notched. Test
results are given in Tables XXII and XXIII. SN curves are shown in Figures
28 and 29.

Creep and Stress Rupture. Tests were preformed at 500 F, 700 F, and
900 F for transverse dpecimens. Tabular test results are given in Table XXIV.
Log-stress versus log-time curves are presented in Figure 30.

Stress Corrosion. Specimens were tested as described in the experi-
mental procedure section of this report. No failures or cracks occurred iu the
1000 hour test duration.

Thermal Expansion. The coefficient of thermal expansion for this alloy
is 6.6 x 10-" in/in/F for 80 F to 900 F.

Density. The density of this material is 0.279 lb/in 3 .

I
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TABLE XVII, TENSILE TEST RESULTS FOR PH 13-8 1o
(H1000) FORGED BAR

Ultimate 0.2 percent Elongation Reduction Tensile
Specimen Tensile Offset Yield in 2 inches, in Area, Modulus,

Number Strength, ksl Strength, kai percent percent UP psi

Longitudinal at Room Tem ereture

IL-I 194.0 190.0 13.0 49.5 27.7
11-2 193.0 187.0 14.5 58.5 27.6
IL-3 191.0 185.0 12.5 47.5 27.9

jfjL.atranaverse at Room Temperature

IT-1 192.0 187.0 13.0 51.0 27.3
IT-2 188.0 179.0 14.5 55.5 28.3
1T-3 191.0 184.0 14.0 56.0 28.4

Longitudinal at 500 F

lL-4 170.0 165.0 12.5 58.0 27.i
iL-5 169.0 164.0 13.0 5910 27.3
1L-6 168.0 165.0 12.0 53.0 26.5

Lona Transverse at SQO F

1T-4 168.0 162.0 11.0 49.5 25.2
IT-5 166.0 163.0 12.5 56.0 25.5
1T-6 171.0 166.0 11.0 50.0 25.2

Longitudinal at 700 F

1L-7 158.0 148.0 14.0 59.5 24.7
IL-8 150.0 153.0 11.0 45.0 24.9
IL-9 157.0 153.0 13.0 55.0 25.8

I "n.. Trnnva~raa at Wil F

1T-7 159.0 148.0 12.0 51.0 26.2
IT-8 156.0 150.0 12.5 50.0 24.7
1T-9 157.0 151.0 13.0 56.0 24.4

Longitudinal at 900 F

IL-1O 129.0 119.0 21.0 71.5 22.1
IL-lI 129.0 119.0 21.5 69.0 20.7
IL-12 X27.0 119.0 21.0 71.0 22.8

long Transverse'at 900 F

IT-10 125.0 116.0 22.5 72.0 20.4
IT-i1 128.0 120.0 22.0 71.0 22.3
IT-12 128.0 118.0 20.0 68.5 21.6
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TABLE XVII1. COMPRESSION TEST RESULTS

FOR PH 13-8 Mo (HIO00)

FORGED BAR

0.2 Percent
Offset Yield Compression

Specimen Strength, Modulus,

No. ksi 106 psi

Longitudinal at Room Temperature

2L-1 183.0 30.8

2L-2 193.0 30.6

2L-3 187.0 28.7

Long Transverse at Room Temperature

2T-1 199.0 29.9

2T-2 198.0 30.0 I
2T.3 202.0 30.0

Longitudinal at 500 F

2L-4 160.0 25.9

2L-5 155.0 26.1

2L-6 160.0 26.6

Long Transverse at 500 F

2T-4 170.0 25.9
2T-5 170.0 25.8
2T-6 LV7 .5.4

Longitudinal at 700 F

2L-7 148.0 25.8

2L-8 157.0 25.8
2L-9 147.0 25.7

Long Transverse at 700 F

2T-7 160.0 23.6

2T-8 159.0 25.2
2T-9 157.0 24.5
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TABLE XVIII, (Concluded)

0.2 Percent
Offset Yield Compression

Specimen Strength, Modulus,
No. ksl I03 psi

Longitudinal at 900 F

2L-10 120.0 22.6
2L-11 115.0 23.2
2L-12 120.0 23.7

Long Transverse at 900 F

2T-10 122.0 23.1
2T-11 119.0 23.0
2T-12 123.0 23.0

d
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TABLE XIX. SHEAR TEST RESULTS FOR PH 13.-8 Mo
"(HI000) FORGED BAR

Specimen Ultimate Shear
Number Strength, ksi

4L-I 122.0
4L-2 122.0
q4L-3 120.0

Long Transverse

4T-I .j.23.0
4T-2 123.0
4T-3 123.0

5.4
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TABLE XX. IMPACT TEST RESULTS FOR B
PH 13-8 Mo (H1000)
rORGED BAR

Specimen Energy,
Number ft/lbs

Longitudinal

lOL-1 36.0

1OL-2 35.5
1OL-3 34.5
IOL-4 33,5
10L-5 31.0
IOL-6 33.5

Long Transverse P
IOT-I 28.0
10T-2 28.0
101-3 26.0
lOT-4 28.0
1OT-5q 29.0
1OT-6 27.0
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TABLE XXI. FRACTURE TOUGHNESS TEST RESULTS FOR Ph 13-8 Mo
(H1000) FORGED BAR (LONGITUDINAL)

Specimen W, a, T, P, Span, f(aK
Number inches f ches inches lbs inches w

5L 1.500 .879 .742 10,750 6 3.5 i69.0

4L 1.501 .880 .741 10,500 6 3.6 166.0

3L 1.499 .868 .741 10,300 6 3.5 158.9

2L 71.500 .871 .741 9,800 6 3.5 151.9

IL 1.499 .870 .741 10,500 6 .3,5 162.8

(a) C~a-idiate 'fracture toughness values, MQ, are invalld ais %Ir values s' a T.

<2.5 I
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TABLEXXII. AXIAL LOAD FATIGUE TEST RESULTS FOR
UNNOTCHED PH 13-8 Mo (K1000)
FORGED BAR (LONGITUDINAL)

Specimen Maximum Lifetime,
Number Stress, ksi cycles

Room Temperature

5-1 215.0 14,490
5-2 210.0 26,120
5-3 205.0 35,190
5-4 200.0 61,570
5-5 195.0 65,470
5-6 190.0 247,050
5-7 180.0 333,330
5-8 175.0 4,404,800
5-9 170.0 785,900
5-1.0 170.3 .....3J, U
5-11 160.0 458,000..
5-12 150.0 109010,000

400 F

5-15 •200.0 100
5-14 190.0 17,400
5-12 180.0 151,000
5-11 170.0 42,900
5-16 170.0 1,015,600
5-18 165.0 1 0 , 3 2 9, 9 0 0-,.a
5-17 1.60.0 10,407,300''

700 F

5-22 170.0 (b)
5-26 165.0 200
5-?4 160.0 33,960
5-2L 155.0 28,900
5-29 150.0 945,500
5-23 150.0 1 0 , 0 9 0 , 7 0 0(a)

(a) Did not fail.

(b) Failed on loading.
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TABLE XXIII. AXIAL LOAD FATIGUE TEST RESULTS FOR

NOTCHED (Kt - 3.0) PH 13-8 Mo (H1000)

FORGED BAR (LONGITUDINAL)

Specimen Maximum Lifetime,
Number Stress, ksl cycles

Room Temperature

5-1 180.0 1,410

5-2 160,0 1,900
5-3 140.0 3,800
5-5 120.0 7,910
5-6 100.0 32,830
5-7 80.0 72,?00
5-8 60.0 210,000
5-9 50.0 1 7 , 5 5 5 , 6 0 0 -a)

400 F

5-11 180.0 1,100
5-12 170.0 1,700
5-13 160.0 1,800
5-14 140.0 1,350
5-15 120.0 1,900
5-16 100.0 8,100
5-17 90.0 26,400
5-18 80.0 60,5050
5-20 70.0 14,754:700
5-19 60.0 10,192,200(a)

700 F

5-21 100.0 3,900
5-23 90,0 18,300
5-26 85.0 16,900
p-2i 80.0 599,800

5-27 75.0 1,344,700
5-24 70.0 5,358,700. (5-25 60.0 14 ,928 ,700

(a) Did not fail.
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FIGURE 22. TYPICAL TENSILE STRESS-STRAIN CURVES H'0R
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7049-T76 Aluminum Extrusions

Material Description F
Alloy 7049 was developed by Kaiser Aluminum and Chemical Corporation

to have a strength level in the range of 7075-T6 and 7079-T6 coupled with a high
resistance to stress corrosion cracking. Initial development and production was
in the form of forgings arid hand forgings. Further development has been in
plates and extrusions.

The material evaluated was a 4-inch x 4-inch extrusion supplied by
Kaiser with the following composition: J

Chemical
Composition Percent

Zinc 7.6
Magnesium 2.5
Copper 1.5
Chromium 0.15
Silicon 0.25 max
Iron 0.35 max
Titanium 0.10 max
Manganeac 0.20 max
Aluminum Balance

Processing and Heat Treating

The specimen layout for 7049 is shown in Figure 31. Specimens were
tested in the as-received -T76 temper.

Test Results

Tension. Test results for longitudinal and transverse specimens at room
temperature, 250 F, 350 F, and 500 F are given in Table XXV. Room temperature
short transverse tensile test results are also given in Table XXV. Stress-
strain curves at temperature are presented in Figures 32 and 33. Effect-of-
temperature curves are shown in Figure 36.

Compression. Test results for longitudinal and transverse specimens
at room temperature, 250 F, 350 F, and 500 F are given in Table XXVI. Compressive
st.ress-strain and tangent modulus curves at temperature are presented in Figures
34 and 35 Fffect-of-cemperaruze curves are presented in Figure 37.

Shear. Pin shear test results for longitudinal and transverse speci-
mens at room temperature are shown in Table XXVII.
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Ia__c. Charpy test results for longitudinal an(c transverse speci-
mons at room temperature are shown in Table XXVII.

Fracture Toughness. Slow-bend type tests curve performed for six
longitudinal specimens. Results are shown in Table XXIX. Since the size

ratio, 2.5 (KQ/TYS) 2 , was greaLer than both the specimen thickness and crack
length in all tests, the K values are not valid Kic values by existing ASTM
criteria.

Ftue. Axial-load fatigue tests were conducted on transverse speci-
mens at room temperature, 250 F, and 350 F. Tabular test results are presented
in Tables XXX and XXXI. S-N curves are shown in Figures 38 and 39.

Creep and Stress-Rupture. Results for transverse tests at 250 F,
350 F, and 500 F are shown in Table XXJII. Log-stress versus log-time curves
are presented in Figure 40.

Stress Corrosion. Tests were conducted as described in the experi-
mental procedures section of this report. No failures or cracks occurred in
the 1000 hour test duration.

Thevana Ex..nljvi. of thc".-C exran•!e., for this allony

is 12.9 x Tld-3hinlin/F for 80 F to 212 F.

Density. The density for this material is 0.099 lb/in3 .
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TABLE XXV. TENSILE TEST RESULTS FOR

7049-T76 EXTRUSIONS

Ultimate 0.2 Percent
Tensile Offset Yield Elongation Reduction Tensile

Specimen Strength, Strength, in 1 Inch, 1rn Area, Modulus,
Number ksi ksi percent percent l06 psi

Longitudinal at Room Temperature

1L-I 81.1 72.2 13.0 35ý9 10.6
IL-2 82.1 74.6 13.0 34.7 11.0
IL-3 86.9 81.0 12.0 36.3 10.5

Transverse at Room Temperature

IT-1 76.2 67.2 11.5 23.3 9.5
1T-2 76.2 67.7 11.0 23.2 9.9
1T-3 76.2 67.4 11.0 23.3 10.2

Short Transverse at Room Temperature

1ST-I 76.2 68.0 12.0 22.6 10.4
1ST-2 76.4 67.8 12.0 22.6 10.3
1ST-3 76.2 67.4 11.0 22.6 10.6

Longitudinal at 250 F

IL-4 64.1 62.6 22.0 52.4 9.5
1L-5 64.4 63.3 22.0 52.6 9.0
IL-6 64.6 63.8 22.5 54.2 9.5

Transverse at 250 F

If-4 58.4 56.0 15.5 34.1 9.3
IT-5 58.4 56.4 18.0 34.5 9.4
IT-6 59.9 56.8 17.0 34.7 9.3

Longitudinal at 350 F

1L-7 48.1 47.9 24.0 68.2 8.3
11,-8 48.9 48.7 26.0 70.4 8.3
IL-9 48.2 47.8 29.0 74.3 8.0

Transverse at 350 F

IT-7 44.8 43.5 18.5 50.4 8.4
IT-8 43.9 42.8 22.0 52.0 8.3
IT-9 46.1 45.0 18.0 51.6 8.6

Longitudinal at 500 F

IL-10 17.0 16.8 40.0 93.0 8.0
]L-IL 17.6 17.5 35.0 92.6 8.0
1L-12 18.8 18.6 39.0 93.3 6.9

Transverse at 500 F

IT-10 16,5 16.2 37.0 88.0 7.2
IT-I1 16.6 16.2 29.0 87.2 7.4
IT-12 16.2 15.9 31.0 86.8 7.4
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TABLE XXVI. COMPRESSION TEST RESULTS FOR
7049-T76 EXTRUSIONS

0.2 Percent Compression
Specimen Offset Yield Modulus,

Number Strength, ksi lO' psi

Longitudinal at Room Temperature

2L-1 75.3 10.6
2L-2 81.4 11.0
S-3 79.6 11.1

Transverse at: Room Temperature

2T-3 75.0 10.8
2T-2 73.0 9.9
2T-3 76.2 10.9

Longitudinal at 250 F

2L-4 66.4 9.5
2L-5 71.2 10.0
2L-6 71.7 10.1

Transverse at 250 F

2T-4 64.0 10.4
2T..5 62.6 9.9
2T-6 63.2 10.2

Longitudinal a- 350 F

2L-7 53.8 8.7
2L-8 53.8 9.1
2L-9 50.4 9.1

Transverse at 350 F

2T-7 48.8 8.9
2T-8 48.7 9.2
2T-9 49.0 9.1

Longitudinal at 500 F

2L-1O 18.6 6.6
2L-11 19.4 6.3
2L-12 19.0 6.5

Transverse at 500 F

2T-10 17.6 8.0
2T-11 17.8 7.4
2T-12 17.7 7.7
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TABLE XXVII. SHEAR TEST RESULTS FOR
7049-'176 EXTRUSIONS

Specimen UltLrmate Sheer
Number Strength, ksi

Lon~i tudinal

4L-1 45.1
4L-2 45.6
4L-3 44.6
•L-4 46.2

Transverse

1.1, 1 4.2_6, IIT~ ~~ --
4T-2 44.9
4T-3 41.8
4T-4 41.8

I
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TABLE XXVIII. IMPACT TEST RESULTS FOR 7049-T76
EXTRUSIONS AT ROOM TEMPERATURE

Specimen Energy,
Number ft/lbs

LongitudinaltI
O1L-I 6.5

1OL-2 5.0
1OL..3 6.5
I OL-4 5.0
IOL-5 7.0
1OL-6 4.5

Transverse

1OT-I 1.5
10- 2.0
lOT-3 1.5
10T-4 2.0
lOT-5 1.0
lOT-6 1.5
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TAbLE XXiX. FRACTURL TOUGHNESS TEST RESULTS FOR 7049-T76 EXTRUSIONS (LONGITUDi.NAL)

nt- -me T. P. San. -) (. a

Number inches inches inches Ib3 inches w

61, 1.500 .830 .750 3,440 6 3.1 47.7

5L 1.500 .848 .7 3,870 6 3.2 55.3

IL 1.50" .866 .751 3.720 6 3.4 56.0

3L 1,501 .856 .750 3,850 6 3.3 55.9

2L ],502 .859 .750 3,650 6 3.4 54.0

4L .50IJ .854 .750 3,800 6 3.3 55.8

S (a't CandidatL ýracturc toughness values, \,, a-e invalid as Klc values sir.ct: a, T,

d\ys)



TABLE XXX, AXIAL-LOAD FATIGUE TEST PESULTS FOR UNNOTCHED
7049-T76 EXTRUSIONS (TRANSVERSE)

Spec imen Maximum Lifetime,
Number Stress, ksi cycles

Room Temper'Ature

5-4 65.0 9,300
5-3 60.0 68,340
5-2 55.0 86,030
5-1 50.0 177,220
5-5 45.0 7,075,410
5-6 40.0 9,717,860

250 F

5-17 65.0 11,950
5-19 62.5 26,240
5-.5 60.0 29,530
5-20 57.5 81,050
5-16 55.0 289,21.0
5 -21 52.5 540,560
5-18 50.0 1 0 , 1 9 9 , 4 3 0 (a)

5-7 60.0 19,790

5-10 55.0 54,760
5-8 55.0 217,850
S5-12 52.5 45,11G
5-11 50.0 1,457,64J
5-13 47.5 400,420
5-9 45.0 6,006,900
5-22 40.0 1 1 ,4 2 9 , 78 0 (a)

(a) Did not fail.
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TABLE XXXIo AXIAL LOAD FATIGUE TEST REFULTh FOR
NOTCHED (Vt 3.0) 7049-176

EXTRUSIONS (TRANSVERSE)

Specimen Max Low Lifetime,
Number Stress, ksi cyr-Ies

Room Temperaturc

5-19 40.0 6,840
5-1 35.0 1.5,410
5-2 30.0 19,0.0
5-3 25.0 31,270
5-4 20,0 144,750
5-5 17.5 3341,050
5-i 15.0 558,590
5-7 13.5 331,080 (5-8 10.0 15,146,300

250 F -I

5-16 35.0 7,640
5-21 32.5 9,690
5-17 30.0 20,040
5-22 27.5 23,810
5-23 25.0 i9,860 I
5-18 25.0 934,090
5-24 20.0 841 , 400
5-25 10.0 843,100
5-26 5.0 10,016,000(a)

350 r

5-9 35.o 9,360
5-10 30.0 20,760
55-.i 25 0 19,620
5-12 20.0 84,670
5-13 15.0 159,410
5-14 10.0 652,300 (,
5-15 5.0 10,062,800(8)

(a) Did not fail,
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FICURE 32. TYPICAL TENSILE STREiSS-STRAUIN C'URVFS FOR

7049-176 EXTRUST.ONS (LONGITUDWIA-L)
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Ti-6Al-2Sn-4Zr-6M. Alloy

Material Description

Initially, this alloy was developed by the Titanium Metals Corporation
as an off-shoot of the Ti-6Al-2Sn-4Zr-2Mo high temperature alloy. Studies had
shown that increasingyond Tlyb1enumrconhigh temperathe 2 percent ievel resulted
in an alloy having improved room and elevated temperature strength with good
creL-p resistance. During early development, investigetix'ns were limited to the

* ev-'L-a.Lion of the alloy as a heavy section forging alloy. Promising high tempera-
'_,ire properties achieved in heat-treated sections up to 3 inches suggested the

* alloy might also be useful as a sheet alloy since it should be air hardenable at-
sheet gages.

The material used in this evaluation was 0.075 inch sheet obtained
from TMCA. It had the following composition:

Chemical 58

Composition Percent
iAluminum 5.9E

Tin 1.99 -

Zirconium 3.94
Molybdenum 5.86
Iron 0.057
Oxygen 0.10
Nitrogen 0.004

Titanium Balance

Processing and Heat Treahing_

The specimen layout for this ailoy it 5bEJtIt .t- FigUt:e 4k. apeP , t.; r
were machined in the as-received condition and heat-treated as follows:

(1) 1600 F, 15 minuteq, air cooled,

(2) 1325 F, 15 minutes, air cooled,

(3) 1100 F, 2 hours, air cooled.

uti.s was suggested by TMCA and is called the "strengthened and heat-treated;
toid{ tiohi.

Test Results

Tension. Results of tests in the longitudinal and transverse directions

at r-om temperature, 400 F, 700 F, and 1000 F are given in Table XXXIII. Stress-
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strain curves at temperature are presented in Figures 42 and 43. Effect-of-
temperature curves are shown in Figure 46.

Compression. Test results for longitudinal and transverse specimens
at room temperature, 400 F, 700 F, and. 1000 F are shown in Table XXXIV. Stress-
str;ain and tangent modulus curves at temperature are presented in Figures 44
and 45. Effect-of-temperature curves arc presented in Figure 47.

St ear. Test results for single-shear sheet-type specimens tested in
buth Lhe longitudinal and transverse directions at room temperature are given
in' Table XXXV.

Fracture Toughoess. Test specimens were the full sheet thickness (0.075-
inch) x 18 inchx6 nch with an EDM flaw in the center. The 36 inch specimen
dimension was parallel to longitudinal grain direction of sheets. The average K

Cvalue obtained was 132 ksi /I. The net section yield stress at fracture was
less than the tensile yield strength of the material. Therefore, the Kc value Is
considered valid.

Fatigue. Results of axial-load fatigue tests for transverse specimens, y
both unnotched and notched, at room temperature, 400 F, and 700 F are given in
Tables XXXVI and XXXVII. S-N curves are presented in Figures 48 and 49.

Creep and Stress-Rup'ure. Tests were conducted at 700 F, 900 F, and
1100 F. Tabular results are given in Table XXXVIII. Log-stress versus log-
time curves are presented in Figure 50,

Stress Corrosion. Testing was conducted as described in the experi-
mental procedure section of this report. No failures or cracks occurred in
the 1000 hour test duration.

Thermal Expansion. The coefficient of thermal expansion for this
alloy is 5.5x 10 in/in/F for 80 F to 1000 F.

Densi&. The density of this alloy is 0.165 lb/inn.

!4
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B'IA LE XXXIii. TEI:N LE TES1 RESULTS FOR 1Li-6AL-2Sn-4Zr-6y) SHEETA

Ultimate O.L Percent-
T rsile Oifsc-t Yield Elo.geY -on To.r. nP le

Specimren Strength, Strength, in 2 inches, Modulus,
SNo. ksi ki percent 10' psi

SL~~ongitudinal at Room '2Lmeratre

1 I.I 168.0 160 .V 16.0 17.5
LIL-. 168.0 160.0 10.0 17.-

AiL-3 168.0 160.0 11.0 17,5

Transverse at Rocom Temperature

IT-I 169.0 163.0 10.0 17.2
IT-2 170.0 163.0 11.0 17.2
IT-3 169.0 163.0 14.0 17.2

SLngicudinal ac 400 F

1.L-4 149.0 129.0 14.5 16.4
IL-5 148.0 127.0 15.0 16.2
IL-6 148.0 127.0 15.0 16.4

Transverse a' 400 F

IT-4 150,0 130.0 14.0 15.4
IT-5 150.0 131.0 14.5 15.7
IT-6 150.0 131.0 14.0 15.9

Longitudinal at 700 F

IL-8 141.0 115.0 14.0 15.4
IL.9 140.0 114.0 15.5 15.0

Traroverse at 700 F

If-7 141.0 117.0 15.0 14.7
1T-8 142.0 117.0 14,0 14.5
1T-9 143.0 l1,110 14.0 14.7
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TABLE XXXIII. (Concluded)

Ultimate 0.2 Percent

Ten:• i C1e; Y£-ieid Liongation Tensile
S~ecilmen Strength, Strength, in 2 inches, Modulus,

No. ksi ksi percent 101 psi.

Longitudinal at 1000 F

IL-10 107.0 98.2 29.0 13.1
1L-I1 104.0 96.0 41.0 12.6
IL-12 105.0 97.8 39,0 12.6

Transverse at 1000 F

1T-10 Ij6.0 98.5 35.0 12.6
iT-1l 108.0 99.5 33.0 12.8
IT-12 106.0 98.8 36.0 13.0

I
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IABLE XXXIV. COMFREiSI01 TEST R&SULTS TOR
Ti-6A1-2Sn-4Zr .6Mo SIHET

0.2 P-rcent
Offs,•t Yield Compro.-ssion

Specimen Strength, Modulus,
No. ksi 105 psi

Longitudinal at Room Temperature

2L-1 167.0 19.1
2L-2 167.0 19.6
2L-3 168.0 19.4

Tren•verse at Room Temperature

2T-l 169.0 18.8

2T-3 172.0 18.9

Longitudinal at 400 F

2L-4 133.0 17.9
2L-5 133.0 17.9
2L-6 134.0 18.0

Trancverse at 400 F

T-4 136.0 17.5
Z'-5 138.0 i7.8
2T-b 138.0 17.6

Loagitridinel at 700

2L-7 123.0 16.2
2L-8 124.0 16.4
2L-9 123.0 ;6.3

Transverse at 700 F

2i. 127.0 16.1
2T-8 127.0 16.1
21-9 126.0 16.1

83



TABLE XX IV. (Concluded)

G.2 Percent
Offset Yield Compression

Specimen Strength, Modulus,
No. ksi lOe psi

Lon itudinal at 10C' F

2L-10 ii1.0 13.82T,--11 1.13.0 14.1

U1-12 t09. C 13.7

Trarfverse at 1100 F

2T-10 112.0 13.4
21-11. 113.0 13.7

2T-12 113.0 13.7

A 8
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TABLE XXXV 3HEAR TEST RESULTS FOR Ti-6AI-2Sn-4Zr-6Mo
i SHEET AT ROOM TEMPERATURE

iI

[Specimen Ultimate Shear
SNo. Strength, ksi

i ~Longi tudinal

4L1 97.3

Ii4L2 96.4
403 (a)
4L4 96.8

Transverse

4T1 (a)
4T2 98.2
4T3 98.1
4T4 98.0

(a) Did not faUl in shear.
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TABLE .'.xXvi. AXIAL LOAD FATIGC7ý TEST RESULTS FOR

UNNOTCHED T1 - 6AI-2S -4Zr-6Mo SHEET

(TRAflSVERSL)

Sp.c inen iaxinum LIfetime,

Number Strcss, lcsi cycles

Room Temperature

5-7 120,0 102,620

5-1 115,0 43,920

5-5 112.5 1,864,250
5-2 1.10. 59,270

5-4 107.5 6,079,870
5-6 105.0 495,200

5-8 90.0 1 2 , 0 0 7 0 8 0 a)

400 F

5-19 125.0 28,60ýJ

5-20 122.5 17,1G• w

5-18 120.0 1,666,400 .
5-22 117.5 68,700

5-21 115.0 5,420,300
5-23 110.0 64,300
5-24 100.0 573 Coo (a)

5-25 90.0 1 2 , 8 3 7 :2 )

700 F

5-9 120.0 9,30 '
51 115.0 !4n An

5-11 110.0 14,70C

5-12 105.0 17,OCL

5-13 100.0 192,20C

5-17 100.0 10,796, 0 0 ca)

5-1; 90.0 11,0 3 2 ,000(a)

(a) Did not fail.
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TABLE XXXVII. AXIAL-LOAD FATIGUE TEST RESULTS FOR NOTCHED
(Kt = 3.0) 1i-6A1-2Sn-4Zr-6Mo

SHEET (TRANSVERSE)

Specimen Maximuw Lifetime,
Number Stress, kai cycles

ROOM TEMPERATURE

5-1 100.0 1,130
5-2 90.0 2,510
5-3 70.0 1,510

5-4 50.0 6,310
5-5 40.0 17,SOO
5-7 35.0 272,700 .

5-6 30.0 10,157,600

400 F

5-7 60.0 15,C90
5-8 55.0 19,000

5-9 50.0 19,840
5-10 45.0 27,750
5-11 40.0 43,590/.0

5-12 35.0 10,119,850"•

700 F

5-13 60.0 7,400
S-14 55.0 12,800
5-15 50.0 18,100
5-16 45.0 215,600
5-17 40.0 188,600
5-18 40.0 152,800
5-19 35.0 84,300
5-20 30.0 4,457,600
"5-21 25.0 10,074,800(u)

(a) Did not fail.

J
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rIGURE 42. TYPICAL TENSILE STRESS-STRAIN CURVES FOR
Ti -bAl-2Sn-4Zr-6Mo SHEET (LONGITUDINAL)
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FIGURE 43. TYPICAL TENSILE STRESS-STPAIN CURVES FOR
Ti-6AI-2Sn-4Zr-6Mo SHEET (TRANSVERSE)
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FIGURE 44. TYPICAL COMPRESSIVE STRESS-STRAIN AND TANGENT-MODULUS CURVES

FOR Ti-6A1-2Sr&-4Zr-6Mo SHEET (LONGITUDINAL)
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Inconel 702 Alloy

Material flescription

InCXtLel alloy 702 contains high aluminum content for excellent
resistance to oxidation at temperstures up to 2400 F. At elevated tempera-
tures, the surface of a nickel-rich, ntckel-chrominu alloy becomes covered with
a compact layer of uniformly thick oxide- the aluminum content of alloy 702
improves thr protective action of the oxide. Alloy 702 has good mechanical strength
at high temperatures; age hardening improves the strength of the alloy up to
about 1500 F.

The material used in this evaluation was 0.050 inch sheet from Huntington
Alloy Products Divtsto; Heat HT38C3DS. The comporition ,,as as follows:

Chemical
CEomposition Percent

Carbon 0.01
Manganese 0.02
Iron 0.32
Sulfur 0.007
Stlicon 0.11
Copper 0.01
Chromium 16.34
Aluminim 3.12
Titan:.am 0.54
Nickel 79.50

Pxcessing and Heat Treatsna

The spec'rmen layout for Ynccrel 702 sheet is shown in Figure 51.

Spcimens U Lere MaCaiu .n r... . .......... & u %.LeV&L L 1cdCLw

14'0 r for 5 hours.

Test Results

Tension. Results of tebLe ax longitudinal and transverse spacimens
at room temperature, 600 F, 1000 Y, and 1400 F are given in Table EXUIX. Tensile
stress-strain curves at temperef.re are shown in Figures 52 and 53. Effect-of-
temperature curves are presented in Figure 56.

Comyression. Compression test result" at room temperature, 600 F,
1000 F, and 1400 F for longitudinal and transverse specimens are given in Table
XL. Stress-strain and tangent modulus curves at temperature are presented in
Figures 54 and 55, Effect-cf..temperature curves are presentted in Figure 57,
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Shear. Test results for longitudinal and transverse specimens ut room
temperature are given in Table XLY.

Fracture Toughness. Tests were conducted on specimenu of full sheet
thitkness (0.050-inch) by 18 inches by 36 inches with EM' flaw in center,. The
net section yield stress at fracture was greater thar, the tensile yield strength
of the materials; therefore, the K values are considered not valid.

Fatigue. Axial-load fatigue test results for unnotched and notched
transverse specimens at room temperature, 600 F, and 1000 F are given in Tables
XLII and XLIII. S-N curves are presented in Figures 58 and 59.

Creep and Stress-Rupture. Tests were conducted at 800 F, 1100 F, and
1400 F for transverse specimens. Tabular results are given in Table XLIV. Log-
&tress versus log-time curves are presented in Figure 60.

Stress Corrosion. Tests were conducted as described in the experimental
procedure section ot Tfi-rrjport. Uo failures or cracks occurred in the 1000
hour test duration.

alloy is 87 x F for 70 F to 1500 F.

Density. The density of this material is 0.305 lb/in3 .
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TABLE XX.IX. TENSILE TEST RESULTS FOR INCONEL 702 SHEET (AGED)

Ultimate 0.2 Percent

Tensile Offset Yield Elongation Tensile

Specimen Strength, Strength, in 2 inches, Modulus,

Nu. ksi ksi percent 10e psi

Longitudin at RoomTemerate

IL-I 152.0 ;4.6 34.5 34.8

IL-2 153.0 94,8 35.0 35.2

IL-3 153.0 94.8 35.0 33.5

Transverce at Room Temperature

IT-I 151.0 94.5 34.0 34.4

IT-2 1.51.0 94.5 34.5 33.8

IT-3 151.0 95.3 34.0 JZ.9

Longitudinal at 600 F

I.L-4 139.0 85.0 35.0 30.1

IL-5 139.0 86.0 38.5 29.5

1L-6 139.0 86.0 34.0 29.2

Transverse at 600 F

1T-4 137.0 86.3 36.0 31.6
jq~~ ~ A37-0 30.0

IT-6 138.0 86.4 37.5 31.1

Longitudinal at 1000 _

IL-7 131.0 85.5 36.0 28.3

1L-8 131.0 84.1 36.0 30.6

IL-9 130.0 84.0 37.0 28.8

Transverse at i00U F

1T-7 129.0 85.7 34.5 28.3

IT-8 128.0 84.9 36.0 26.9
1T-9 128.0 85.2 36.0 27.8

99



I

TABLE XXKIXo (Concluded)

Ultimate 0.2 Percent
Tensile OfUset Yield Elongation Tensile

Specimen Strength, Strength, ir 2 , , Modulus,
ND. ksi ksl perccr.t 10 10 psi

Longitudinal at 1400 F

IL-10 66.3 63.8 8.5 19.7
IL-il 66.8 64.5 9.5 20.0
IL-12 65.4 62.4 10.0 21.0

Transverse at 1400 F

IT-10 67.1 64.6 9.0 19.9

IT-I1 67.5 64.9 8.5 1.9.6
IT-12 68.0 65.8 7.0 22.9 * I
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TAnLE XL. COMPRESSION TEST RESULTS FOR
INCONEL 702 SHEET (AGED)

0.2 Percent Cwmpressivf
Specimen Offset Yield Modulus,

Number Strength, kel psi x lcp

Lonitudinal at Room Temeratu•e•
2L-1 99.0 34.2
2L-7 99.4 34,2
2L-• 99.8 34.8

24Trans.erse at Room TemneratureS2T..1 i01.0 34.5

2T-2 101.0 34.5
2[-3 101.0 35.0

Longitudinal at 600 F

2L-4 91,0 34.5

2L-5 91.3 34.4
"2L-b 9U.85 3b.1

Transverse at 600 F
2r-4 94.4 33.0

2T-5 93.6 34.8
2T-6 92.8 32.2

Longitudinal at 1000 F
2L-7 90.7 31.3
2L-8 90.3 29.2
2L-9 89.6 30.0

Traniverse at 1000 F
2T-7 90.9 31.3
2T-8 90.3 30.4
2T-9 91..9 30.1

LongLtudinal at 1400 F
2L-l0 67.5 20.7
2L-11 68.1 22 0
2L-12 68.3 20.2

Transverse at 1400 F
2T-10 7•0.4 20.2
2T-1I 7U.6 21.0
2T-12 70,5 20.9
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IABLE XLI. SHEAR TEST RESULTS FOR INCONEL
702 SHEET (AGED)

Specimen Ultimate Shear
Number Strength, kui

Lonxitudinal

4LI 117.0

4L2 115.0

4L3 117.,

4L4 116.0

Tranpverse

411 117.0

4T2 116.0

4T3 113.0

4T4 117,0
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TABLE XLII. AXIAL LOAD FATIGUE TEST RESULTS
FOR UNNOTCHED INCONEL 702 SHEET
(AGED) (TRANSVERSE)

Specimen Maximum Lifetime,
Number Stress, ksi cycles

Room Temperature

5-4 75.0 98,300
5-3 65.0 209,900
5-2 55.0 591,700
5-1 45.0 1,594,800
5-8 40.0 7,086,400
5-5 35.0 3,403,100..
5-7 30.0 L0,138,000(a)
5-6 25.0 10,130 ,o000

600 F

5-11 75.0 117,500
5-12 65.0 184,400
5-13 55.0 584,200
5-14 45.0 4,809,000O
5-16 40.0 10,226:700()
5-15 35.0 12,376, 900

1000 Y

5-21 75.0 12,400
5-22 65.0 245,300
5-23 65.0 536,200
5-26 60.0 5,428,800
5-24 55.0 4,337,200. (a
5-25 50.0 10,097,70 (a)
5-27 45.0 10,331,300

(a) Did not fail.
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TABLE XLMIT. AXIAL LOAD FATIGUE TEST RESULTS FOR
NOTCHED (K< - 3.0) INCONEL 702 SHEET

(AGED) (TRPNSVERSE)

Specimen Maximum Lifetime,
Number Stress, ksl cycles

Room Temperature

5-4 65.0 31,900
5-3 55.0 111,100
5-2 45.0 336,200
5-7 40.0 782,400
5-8 40.0 1,651,000
5-1 35.0 1,511,600 fl
5-6 30.0 636,000 (a
5-ý 25.0 1 0 , 5 3 7 , 5 0 0(a)

600 F

5-13 65.0 15,700
5-11 55.0 75,300

5-15 50.0 821,200
5-12 45.0 2ý0,400
5-24 42.5 6,248,000
5-25 40.0 3,672,800 (5-16 37.5 24,268,000Ca5-14 35.0 10,069,500(p.)

1000 F

5-21 65.0 12,900
5-22 55.0 51,500
5-27 50.0 719,200
5-23 45.0 1,q74,800
5-35 40.0 7,917,100 .
5-34 35.0 10, 54 9 , 6 0 0(a)

(a) Did not fail. 4
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Inconel 706 Alloy

Material D(reition

Incanel alloy 706 is a precipitation-hardenable, nickel-iron-
chromi,zi m&Li with characteristica similar to those of Inconel 718, except
that 71)6 hav improved machinability. It has high strength at temperatures
ranging from cryogenic to 1300 F. It also has good resistance to oxidation
and corro,.ion over a broad range of temperatures and environments,

Fabrication of the alloy is enhanced by its good formability aad
weldability. Alloy 706 hau excellent resistance to postweld strain-age

crackiog.

T'he material used in this evaluation was obtained as a 6-inch-
square forging from INCO,Hnat Irf5OC3HK. The composition was as follows:

£ Chemical

Composition Percent

Carbon 0.03
Manganese 0.12
Iron 36.37
Sulfur 0.007
Silicon 0.13
Copper 0.02
Chromium 16.32
Aluminum 0.28
Titanium 1.62
Columbium plus

Tantalum 2.9G
Nickel 42.12

Py~jo t.sa d Heit Tr•a- ma

Thy! 6-Lich-square material was press forged to a 2 inch x 6 inch
bar to make viecimen blank* eawier to obtain. The specimen layout ia shown
iD Figure 61. After machinrking, specimens were heat treated as follows for
opt mum creep-rupture strength:

(1.) lr'tO F, 2 hours, air cool,

(¶) i!¶iO F, 3 hours, air cool,

(3) IM25 F, 8 hours, furnace cool to 1150 F, hold fo1
9.1 hours, air cool.

Test Results

Tenriiov, Results of longitudinal and treanverse tests at room tempera-
ture, 800 V-1THO F, and 1200 F are given in Table XLV. 8tress-straiu curves at

S 3.13
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temperature are shown in Figures 62 and 63. Effect-of-temperature curves are
shown in Figure 66.

tm Ctmpression. Results of longitudinalv and transverIe tests at rooa
temperature, r0esi, o00 F, and R200 F are given in Table XLVI. ttress-strao n
and tangent-modulus curves a.- temperature are shown in Figures 64 and 65.
Effect-of-temperature curves are presented in Figure 67.

rhear. Pin shear test results for longitudinal and transverse
specimens a: room temperature are given in Table kXLVII.

Impact. Charpy test results for room temperature longitudinal
and tralsverse specibvns are given in Table XLVIII.

Fracture ToughnrLea. Results of slow bend tests at room temperature
are given in Table XLIX. Th,', size ratio, 2.5 (KQ/TYS)s, wps greater than both
the specimen thickneas and crack length in all tests, therefore the KQ value in
the table is not a valid KIC vilue by existing ASTM criteria.

FAtnoUS. Axial-load fatigue tests were perforaed on transverse speci-
mens, both notc d and unnotched, at room temperature, 600 F, and 1000 F. Te.L
results are given in Tablas L and LI. S-N curves are presented in Figures 68 and
69.

Creep and Stress-Rupture. Tests were conducted at 809 F, 1000 F, and
1200 F. Results are given -in bTe LII. Loi-atrnss versus log-ttae curves tr'4

presented in Figure 70.

Stress Corrosion. No failures or cracks occurred in thc 1000 hour
test duratiorLt as discrled in tEM oxpari-ntal pr.... cdre ection of this report.

Thermal Expansion. The coefficient of thermal expansion for Inconel
706 is 9.8x0"0i7i-nf-lor 70 F to 1500 F.

ensity. The density of this material is 0.291 lb/in3 . 4
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TAPLE XLV, TENSILE TF.,' PESULTS FOR

INGOEL 7lM FORGED LAA
(STRISS-RUJrUMR IIEAK TELATMEdT)

Ultimate 0.2 percent Elongation Reduction Ttnmsile

Specimen Tensila Offoet Yield in 2 inches, in Area, Modulus,

Number Strength, kai Strength, Lei percent percent i08 psi

Lait•inlSLe

IL-1 177.0 138.9 22.0 32.5 30.9

e IL-2 178.0 139.0 22.5 33.5 28.9

.L..3 178.0 139.0 22.0 32.5 27.9

raneverumrht Room aTaiermitor4e

IT-I 176.3 146.0 21.5 30.0 29.7

XT-2 176.0 140. 0 22.0 31.5 28.6
IT-3 176.0 140.0 22.5 31.5 51.6

SLonitudial. at 800 F

lL-4 157.0 120.0 22.0 37.0 24.3

1i.-5 155.0 120.0 21.0 39.0 23.9
LJIU *.a~ 3~5 2&4-

""ransv.rse 1t 800 v

IT-4 138.0 121.0 21.0 36.5 24.8

1T-5 IY5.0 122.0 20.5 33.5 25.9
1 .-6 1!. .0 U.3.0 19.0 34.3• 23.3

Lorfttudtnal at 1000 F

IL-7 X52.0 119.0 20.0 38.0 22.1

IL-8 152.0 120.0 20.5 40.0 20.4

IL-9 151.0 119.0 22.5 40.5 21.2

TranmverSe at 1000

3T-7 152.0 120.0 19.0 33.5 22.0

1T-8 153.0 M21.0 19.5 35.5 21.2

1T-9 154.0 122.0 18.0 35.0 21.3

Longitudinal &L 1200 V

IL-10 139M0 117.0 25.0 39.5 21.4

IL-I 138.0 116.0 25.5 40.5 21.4

IL-12 138.0 115.0. 26.0 41.5 20.3

IT-10 139.0 11M.0 23.0 40.0 20.1

IT-1i 139.0 117 0 24.0 36.0 20.7

IT-12 139.0 118.0 21.5 37.5 20.9
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"TABLE XLVI. COMPRESSION TEST RESUL.TS FOR
INCONEIL 706 FORGED BAR
(STRESS-RUPTURE REAT TREATMENT)

0.2 Percent

Offset Yield Compression
Specimen Strength, Modulus,

No. ksi 106 psi

Longitudinal. at Room Temperature

2L-1 149.0 31.8
2L-2 150.0 30.9
2L-3 150.0 30.6

Transverse at Room Temperature

2T-1 149.0 30,8
2T-2 149.0 31.1
2T-3 149.0 32.4

Longitudinal at 800 F

2L-4 127.0 23.9
2L-5 124.0 25.2
2L-6 129.0 23.7

Transverse at 800 F

2T-4 129.0 24.6

2T-6 128.0 23.9

Lm.i.,itudinal at 1.000 F

2L-7 123.0 23.2
21,-8 123.0 23.0
2L-9 124.0 22.8

Transverse at 1000 F

2T-7 125.0 24.5
2T-8 125.0 23.4
2T-9 124.0 24.0
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TABLE XLVIJ (Conrtuded)

0.2 Percent
Offset Yield Co~np'e•*ion

Specimen Strength, iGVdulus,

No. ksi I,' psi

Longitudinal at 1200 "

2L-10 118.0 !3.3
2L-11 120.0 22.0
2L-12 122.0 22.1

Transverse at 1IM F

2T-11 120.0 ..2 I
2T-i1 120.0 22° 22.

11
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TABLE XLV I' SMEAR 12?YST RES'J.!:? FOR ).I,, tL 706 FOKGTb BAR

(CTRES-WfUSZ EA!C TREAT-KEN)

S pu, mel UltiuuiLC Shear

4L,-1 119.0
41 2 117.0I4 A-3 1,17.0
4 4-4 118,0

T- arpverse

4 T - -1 7 b

I AT-Ii U7.b 1

4P-3 117.0 I

Mimi



T~kDLE XLTVI)). ILIPAcrL TES',' RfQ5rULTS FOR 1INCONE-f 706 FORGED BAR
(ZTl1.1ESS.-RIUPTURE- HEAT TREATMEMT)

S pvAt.-c mn Energy,
Numba f ijlbc

IOL-i 29 5-

~CL 32.0

101,-3 33. I
1O- 33.0

10~. .~32.0

Tr~ana-m.rse

10T-2 26.0
.31

107-4 ~6*5
i~a .-3 27.0.

I~~~ 'U ¶
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[ 'ITABLE XLIX. FRACTURE TOUCHNESS TEST RESULTS
FOR INCONEL 706 FORGED BAR
(STRESS-RUPTURE HEATTh•ENT)

Nutl¢pr iftcholl inkhot inch a, lba inches f( 4)

Loniitudinal

IL 1.498 .737 .750 9,800 4.5 2.6 $3.3

2T 1.499 .754 .751 9,900 4.5 2.6 86.9

3it 1.500 .760 .750 10,250 4.5 2L7 91.1

1. 2.497 ,740 .750 10,150 4.5 2.6 88.3

2'j 1,490 .749 .747 9,85C, 4.5 2.6 84.3

37 1,49/ .735 .749 10,7"O 4.5 2.6 9L.3

(a) C•rt•cllatt Vro(. cvl;± toughinosB va&lu*o', , are invalid a& s c values since a,
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TABLE L. AXIAL LOAD FATIGUE TEST RESULTS FOR
UNNOTCfED INCOU•EL ?06 FORGED BAR
(STRESS-RUPTURE HEAT I4EATMENT)
(TRANSVERSE)

Specimen MaximumTV L fe time,
Number Stress, ksi cycles

Room Tem.perature

5-3 125.0 88,100
5-4 115.0 150,300
5-2 105.0 227,500
5-1 95.0 364,400
5-5 65.0 679,000
5.6 -75.0 2,199,400
5-7 "65.0 8,446,000
5-8 60.0 10,025,200(a)

600 F

5-17 125.0 25-2205-18 ~ -11 0 A~ n
5_19 105.0 82,100

5-10 95.0 139,900
5-21 85.0 164,300
5-22 75.0 422,300
5-23 65.0 6,226,100
=-24 55, " 1 0 , 7 9 2, 7 00 (a)

1000 F

5-9 125.0 14,Ot6
3-10 115.0 42,700
5-11 105.0 31,300
5-12 95.0 163.600
5-13 85.0 165,300
5-14 75.0 722 300
5-15 65.0 2,232,300
5-16 55.0 5,557,700
5-25 45.0 12,239,200(..'

(e.) Did iot fail.
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TABLE LI. AXI LOAD FATIGUE, TEST RESULTS FOR
NOTCHED (Kt - 3.0) INCOIIEL 706 FORGED )AR
(STRESS-RUFTURE HEAT TRMATMENT)
(TIANSVERSE)

Specimen Maximum Lifetime,
Number Stress, ks cyycles

Room Temperature

5-1 105.0 9,900
5-2 9j.0 14,100
5.1 85.0 32,000
5-4 75.0 29,000
5-5 65.0 47,200
5-6 55.0 88,300
547 45.0 150,000
5-8 35.0 445,900
5-23 30.0 475,000
3-9 25.C 4,770,490 (
5-10 20.0 11,953,000'a)

600 F

5.1-1 75.0 25,300
5-12 65.0 44,900
5_01 55.0 74,000
5-14 '.5.0 204,700
5-25 40.0 255,100
5-15 35.0 529,500
5-26 30.0 10,O12,OOO(R)
5-16 25.0 1 3 , 0 9 1 , 9 0 0 (a)

1000 F

5-17 75.0 12,200
5-18 65.0 25,700
5.19 55.0 46,900
5-20 45.0 116,300
5-2/. 40.0 1 7 , 5 5 5 , 7 0 0 (a)

:5.21 35.0 7,421,600
5.-22 30.0 11,685, (a)

(e) Did not fail.
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DISCUSSION OF PROGRAM RESULTS

The tendency in an evaluation program of this type is to compare the
miý.terials property information obtained with similar data on materials already
in use. Whether such a comparison should be the deciding factor for interest
in a newer alloy is open to question. Many criteria, such as forming character-
istics, weldahility, oxidation resistance, etc., can be of particular importance
so that strength properties may become secondary. However, since first compari-
sons are almost always made on the basis of mechanical strength (tensile ultimate
and tensile yield) the data generated on this program are compared to information
for similar alloys in Figures 71 and 72.

CONCLUSIONS

The objective of this program was the generation of useful engineering
data for newly developed materials. Duriag the contract term the following alloys
were evaluated:

(1) 15.5 PH (H1025) stainless steel forged bar

(2) HP 9Ni-4Co-0.20C steel forged bar

(3) PH 13-8 Mo (H1000) stainless steel forged bar

(4) 7049-T76 aluminum extrusion

(5) 6A1-2Sn-4Zr-6Mo titanium sheet

(6) Inconel Alloy 702 sheet (Aged)

Ii -ne A611eny 7f6 f£rSed bar (Creep-rupture heat treatment),

A data sheet was issued for each material, As a susnary, each of the
data sheets is reproduced in Appendix Ill.
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APPENDIX I

EXPERRI)INTAL PROOCFDUREP

Mechanicr l Properties

The various mechanical properties of interest for each of the atate-
rials are as follows:

(1) Tension

(a) Tensile ultimate strength, TUS

(h) Tensile yield strength, TYS

(c) Elongation, e

(e) Modulus of elasticity, Bt+

(2) Compression

(a) Compressive yield ctrength, CYS

(b) Modulus of elasticity, R .

(3) Creep and stress-rupture

(a) Stress for 0.2 or 0.5 percent deformation In 100
hours and 1000 hours

(b) Stress for rupture in 100 hours and 1000 hours.

(4) Shear

(a) Shear ultimate strength, SUS

(5) Axial fatigue*

(a) Unnotched, R - 0.1, lifetilue: 103 through 107

cycles

" "R" represents the algebraic ratio of the minimum stress to the maximum stress
in one cycle; that is, R Smin/ Smax. '"IL' t' represents the Neuoer-Pet.rson
theor tical stress concinLrat on factor.

136



(b) Notched (K.- 3.0), R 0.1, lifetime: 103 throu.gh

107 cycles.

(6) Fracture toughness, K r

(7) Stress corrosion

(a) 80 percent TYS for 1000 hoursmaximum, 3-1/2 percent
NaCI solution.

(8) Thermal expansion.

(9) Bend

(a) Minimum radius.

(10) Impact

(a) Charpy V-notch..

(11) Density.

pecimen, Identification

A simple system of numbers and letters was used for specimen identifi-
cation. Coding consistel of a number indicating the type of test and also indi-
cating a comparable area on the sheet, plate, or forging. For certain test
types, the number was followed by a letter signifying specimen orientation (L
for longitudi[Lal, T for transverse, ST for short transverse). The test types
where the letter did not appear were creep, fatigue, and bend since, in these

c3ses, only one specimen orientation was used. The next number in the coding
spur.Lflia tbe lo--t--n _rcm wht¢h the &Deciwon blank was taken from the original
material configuration. Coding was as follows:

Assigned
Number Test Type

1 Tension

2 Compression

3 Creep and stress-rupture

4 Shear

5 Fatigue

6 Fracture tcoughnras
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Assigned
Number Test Type

7 Stress corrosion

8 Thermal expansion

9 Bend

10 impact

11 Density

As an example, a specimen numbered 2-T5 is a compression specimen, transverse
orientation, cut from Location 5. Also, a specimen numbered 5-12 is a fatigue
specimen cut from Location 12.

Test Description

Tension

Procedures used for tension testing are those recommended in ASTH
methods E8-68 and E21-66T as well as in Federal Test Method standard No. 151a
(method 211.1). Sir. specimens (three longitudinal and three transverse) were
tested rt each temperature to determine ultimte tensile strength, 0.2 percent
offset yield ntrength, elongatior., and reduction in area. The modulus of
elasticity wr.. obtained from lotd-strain curves plotted by an autographic
recorder during each tesL.

All tensile tests were carried out in Baldwin Universal testing
machines. These machines are calibrated at frequent intervals in accordance
with ASTH wtbod £4-64 to a"sure loading accuracy wit.u... 0.2 perc-nt. The
machines are equipped with integral automatic strain pacers and autographic
strain recorders.

Specimens tested at elevated temperatures were heated in standard
wire-wound resistance-type furnaces. Each furnace was equipped with a Foxboro
controller capable of maintaining the test temperature to within 5 F of the con-
trol temperature over a 2-inch gage length. Chromel-Alumel thermocouples
attached to the specimen gage section were used to monitor temperatures. Each
specimen was soaked at temperature at least 20 minutes before being tented.

An averaging-type linear differential transformer extenesoeter wes
used to measure strain. For ellevated temperature testing, the extensometer
was equipped with extensions to bring the transformer unit out of the furnace.
The extensometer conformed to A[ L E3-64T Clataification B1 having a sensitivity
of 0.0001 ioch/inch. The strain rate in the elastic region was maintained at
0.005 ipch/inch/minute. After yielding occurred, the head speed was increased
to 0.1 inch/inch/minute until fracture.
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Compre sB3 ion

Procedures for conducting compression tests are outlined in A-STM
Method E9-67 along with temperature control provisions of E21-66T. All sLeet
and thin plate tests were carried out in Baldwin Universal testing machines
using a North American type compression fixture as shown in Reference 2.
Specimen heating was accomplished by a forced-air furnace for temperatures up
to 1000 F. Specimen temperature was maintained by means of a Wheelco pyrometer.
Three Chromel-Alumel thermocouples attached to the fixture were used to monitor
temperatures to within 3 F of the test temperature. For highe.: temperatures,
wire-wound furnacc.s were used with controls as described in the tensile test i
section.

The extensometer useJ for the compression tests was quite similar to
that used in the tensile testing. The axtension arms were fastened to the speci-
men at small notches spanning a 2-inch &age length. The output from the micro-
former was fed into a load-strain recorder to provide autographic load-strain
curves. Diring testing the strain rate was adjusted to 0.005 inch/inch/minute.

For bar and forging "terial, cylindrical specimens similar to those
described in ASTM E9-67 were used with appropriate temperature control and strain
measurement as described above.

Six apecimens (three longitt, lnal and three transverse) were tested at
each temperature.

; 'hear

Single-sheoa sheet-type specimens were used for sheet anid thin-plate
material; for ber and forgings, a double-shear pin-type was used. Shear testing
was performed at room tomperature only. A minimum of six specimens (three loigi-
tudinal and three transverse) were used to determine ultimate shear strength.

� Bend

The procedures for conducting bend teszs are described in Report HAB-
192-M. The specimens were placed in a rigid three-point loading ft:cture and
bending tups of various sizes were used to .determine the minimuu bend rclis

at r'jom temperature.

Creep and Stress Rupture

Standard dead-weight type creep testing frames were used for tht creel
and stress-rupture tests. These machines are calibrated to operate tll. within
the accuracy requiremente of ASTM method E139-66T.
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Specimens similar to those used fo. tension tests were used for the
creep and stress-rupture studies. A pl&tinum, strip "slide rule" extensometer
is attached fcor twasuring creep strain and thrae Chromel-Alumel therm.accuples
are attached ro the gage section for temperature measurcments. Extensometer
measurements were mede visually through windows in the furnace by means of a
Milar micrometer microccope in which the smallest division equals 0.00005

inch.

1The furnace was of conventional Chromel A wire-wound design with taps
along the s.dL to allow for correcting small temperature differences. Furnace
temperature wat maintained to within + 2 F by Foxboro controllers in response to
signals frcta the centrally located thermocouple. The temperature of a specimen
under test woe stabilized for at least 1/2 hour prior to loading.

For each temperature condition creep and stress-rupture data were ob-
tained to 100 and 1000 hours using as many specimens as necessary to obtain
precise information. The percent creep deformation obtained was deperdent on
the material under test. In most instances streas-time curves were defined for

r 0.2 and 0,5 percent elongation.

Stress Corrosion

corrosn, -,racking by alterate immersion in 3-1/2 percent sodi•mt chloride solu-
tior,• at r:on temperature.

Specimens were prepared for testing by degreasing with acetone. Where

& turiace film remained from heat treating, it was abraded off one side and the
adjacent 'rong edge of five of the specimens, and left intact ar the other two.

Etx-h specimen was placed in a four-point loading fixture and deflected

tG a stress coPrresponding to 80 pe:ceut of the tensie yield strength of thoý
particular wat..riol. The specimen was electrically insulated from the fixture

Sby me.s of glass o sapphire rode. Def'sction for a given maximAM fiber stress
was COculated by tht following expression:

y a deflection

a -a knaximm fiber stress

A - distance between outer load pointt

a - distance between outer and inner load points

d - specimen thickness

S- modulus of specimen material.
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Each stresoed specimen was suwpended on an alternate immersion unit.
This unit alternately immersed specimens3 in the 3,5 pe..zent sodium chloride
solution for ten minutes and held them above the solution to dry for 50 minutes.
Tests were continued to the first sign of cracking or for 1000 hours, whichever
occurred first.

Specimens were given frequent law-power microscopic examinations to
detect cracks. At the first sign of cracking the specimen was removed. At the
conclusion of the test, selected samples were sectioned and examined metal-
lographically for any indicution of cracking. Representative samples in which
cracks were found were also given a metallographic examination t:o establish the
type and extent of the cracks.

Thermal Expansion

Linear-thermal-expansion measurements were performed in a recording
dilatometer with specimens protected by a vacuum of about 2 x 10- mm of mercury.
In tbhs apparatus a sheet-type specimen is supported between two graphite struc-
tures inside a tantalum-tube heater element. On heating, the differential move-
ment of the two structures caused by aptcimen expansion results in the displace-
ment of the core of a linear-variable differential transformer. The output of
the transformer is recorded continuously as a function of specimen temperature.

Vic~ eazi~itj aaseimhl~y 4a c-nclc-.e" in a r~ chamber-

The furnace is controlled to heat at the desired rate, usually 5 F per
minute. Errors associated with measurements in this apparatus are estimated not
to exceed + 2 percent. This is based on calibration with materials of known
thermal-expansion characteristics.

Fatlu.

Fatigue tests were conducted using lTS ela,-trohydraulic-servocontrolled
testing machines. The frequency of cycling of these mathines ia variable to
beyond 2,000 cpm depending on specimen rigidity. These machines operate with
closed-loop deflection, strain or load control. Under load control used in
this program, cyclic loads were automatically matntaineC (regardless of the
required amnount of ram travel) by means of load-cell feedback signals. The
calibration and alignment of each machine are checked periodically. In each
case, the dynamic load-control accuracy is better than -.' 3 percent of the test
load,

For elevated temperature studies, an induction heating coil controlled
by a Lepel Induction Heater was used. A thermocouple placed on the center of
the specimen controlled temperature to + 5 degrees.

After machining and heat treating (when required), the edges of all
sheet and plate specimens were polished according to Battelle-Columbus' standard
practice prior to testing. The t.,itched specimens were held against a rotating
drum covered with emery paper and polished using a kerosene lubricant. Succes-
sively finer grits of emery paper were used, as required, to produce a surface
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of about 10 RMDS. Unnotched round specimens were polished in the Battelle-Columbus

polishing apparatus, This machine utilizes a rotating belt sander driven
rectilinearly along the specimen test section while the specimen is being rotated.
The belt speed and specimen speed are adjusted so that polishing ,•arks on tla
specimen are in the longitudinal direction, The surface finish is about the same
as that on the flat specimens. The notched flat specimens were held in a fixture
and polished with a slurry of oil and alundum grit applied liberally to a rotat-
ing wire. Notched round specimens are polished in the same manner, except that
the specimen is rotated.

A shadowgraph optical comparator was used for measuring the test sections
of all polished specimens and for inspection of the root radius in the case of
the notched specimens.

The stress ratio for all specimens was R - 0.1. Stresses for notched
(Kt - 3.0) and unnotched specimens were selected so that S-N curves were defined

between 1& arid 107 cycles using approximately 10 specimens for each set of fatigue
conditions.

Two types of fracture toughness teats were used. For heavy section
materials, the chevron-notched, slow bend test specimen of AS2M Hethod E-399-72
was selected. r.-- t-. r seet.on sh,'• msaterials, center through-cracked ten-
sion panels were used as test specimens. All specimens were precracked in ±a-
tigue and subsequently fractured in a servocontrolled electrohydraullc testing
system of appropriate load capacity.

The slow-bend type specIMens were precracked and tested under 3-point
loading. The pop-in load for materials susceptible to brittle fracture was deter-
mined from the load-compliance curve. When pop-in was not detectable, L'1 9UL .V.U;
were analyzed using the 5 percent secant offset method of the AST14 procedure.

The thin sheet center through-crack tension panels were initially saw-
cut and then precracked in constant amplitude fatigue loading. In order to main-
tain a flat fatigue crack and not plastically strain the uncracked section, the
maximum rtresses were adjusted to keep the applied stress-intensity factor less
than one-third or one-quarter of that anticipated at fracture. This usually in-
volved stepping down the stresses am the cracking proceeded. The crack was
extended to approximately one-quarter of the panel width. Buckling guides were
attached and a clip-type compliance gage was mounted in the central notch. The
panels were fractured in a rising load test at a stress rate in the range

.002 E < i < .005 E ksi/min

which corresponds nominally to the gross strain rate of standard tensile testing.
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APPENDIX II

SPECIMEN DRAWINGS
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